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A number of recent reviews have dealt extensively with the
characteristics of epithelial Na channels and their classification
according to level of conductance, selectivity for sodium, and
sensitivity to amiloride and hormones [1 to 6, this issuel. In the
present review, we will focus on Na transport regulation by
aldosterone in terms of the biochemical pathways involved in the
hormone's action on apical Na permeability in epithelia.
Active transport of Na across epithelial tissues is the primary
physiological process responsible for maintenance of salt balance
in vertebrates. Entry of Na into cells at the apical membrane
occurs passively by electrodiffusion through amiloride-blockable
channels. Intracellular Na concentration remains low due to
active extrusion across the basolateral membrane in exchange for
Kt Aldosterone is the key hormone for long-term regulation of
this process in the distal tubule of the kidney and other responsive
"high resistance" model epithelia such as toad urinary bladder,
frog skin, and A6 cultured cells derived from toad kidney [7, 8]. Its
mode of action is complex involving a number of biochemical
pathways, and some or possibly all of them ultimately increase the
transepithelial Na transport rate. Aldosterone increases both the
apical Na permeability and the number of basolateral pump sites
albeit with different time courses and through distinct pathways
[9—12].
The increase of apical Na permeability in response to aldo-
sterone is due to an increase in the number of open Na channels
in this membrane with virtually no change in channel selectivity or
conductance [10, 13]. Stimulation of transport begins after a lag
time of 20 to 40 minutes and is maximal within four to six hours
of exposure to the hormone. Aldosterone, a steroid hormone,
enters cells by diffusion, is bound by an intracellular receptor,
migrates to the nucleus, and gives rise to a variety of gene
products commonly termed AlPs (aldosterone-induced proteins;
cf. Fig. 1), which in turn lead to the various physiological
responses. This scheme is supported by observations that in-
creased Na transport after aldosterone is abolished by inhibitors
of protein or RNA synthesis [14]. It is currently unknown whether
any of the AlPs represent apical Na channels per se or subunits
of these channels. This seems unlikely however in view of
overwhelming electrical and biochemical data consistent with the
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idea that aldosterone stimulates channels pre-existing in the
membrane [13, 15—18]. In addition, membrane targeting, channel
assembly from subunits, and insertion of these complex molecules
into the membrane, would likely take several hours as observed
for the basolateral response where it has been demonstrated that
pumps are synthesized and inserted over many hours or days [11,
12]. This would seem less plausible at the apical membrane where
the more rapid initial increase in permeability occurs within 30
minutes. However, a polypeptide of M 70 kD, identified as a
component of the Na channel, was shown to be induced by
aldosterone [19]. Whether this polypeptide represents part of the
channel or a regulatory protein is presently unknown.
The sequence of events leading to increased channel density
following synthesis of AlPs is not understood. However, a number
of mechanisms modulate or mediate aldosterone's stimulation of
apical Na permeability. (1) Activation of phospholipase A
increases phospholipid fatty acid metabolism. (2) Methylation of
apical proteins and lipids increases amiloride-sensitive Na trans-
port. (3) Guanine nucleotides regulate the aldosterone-induced
carboxymethylation.
These pathways are not mutually exclusive and indeed may
represent only a small portion of the complete picture of aldoste-
rone's influence at the apical membrane. Each of these is consid-
ered separately below.
The phospholipase pathway
The regulatory role of lipid metabolism on ion channel function
in epithelia has scarcely been studied. While indirectly implicated
in post-translational prenylation and acylation of G-proteins (see
below), little evidence for direct effects on membranes has been
obtained. However, in 1971, Goodman, Allen and Rasmussen [20]
showed that the usual lag period between addition of aldosterone
and stimulation of Na transport in the toad bladder was short-
ened in the presence of serosal phospholipase A. This enzyme
cleaves fatty acids from phosphoglycerides leading to the produc-
tion of arachidonic acid in several synthetic pathways. Similar to
the aldosterone-induced increase in Na transport, phospholipid
fatty acid metabolism was abolished by inhibitors of protein and
RNA synthesis [21]. Inhibition of phopholipase A2 with mepa-
crine also leads to a decrease of the Na transport rate [22]. Thus,
it seems likely that AlPs stimulate this pathway. More recently,
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Fig. 1. Schematic representation of an amiloride-
blockable Na * channel in the apical membrane
of an epithelial cell responsive to aldosterone.
Abbreviations are: *potential OTP binding
sites; —P04, phosphorylation sites; —CH3,
methylation sites; MT, methyltransferase; AlP,
aldosterone-induced proteins. These represent a
number of proteins which appear at various
times after treatment. Among the AlPs are the
subunits of the basolateral Na']K-ATPase [11,
12, 64], citrate synthase [65, 66], and most likely
small monomeric G-proteins. It is unknown
whether some or all of the channel subunits are
synthetized de novo after aldosterone.
membrane. Single channel behavior was examined in excised
inside-out patches of apical membrane from A6 cells. After
pre-stimulating channels with GTPyS (see below), mepacrine
inhibited open probability [23]. Furthermore, addition of arachi-
donic acid to the cytoplasmic side of the patch released the
mepacrine-induced inhibition. This observation supports the no-
tion that integral membrane lipid metabolism may be an impor-
tant component in Na channel regulation.
Additional evidence favoring a role for phospholipid metabo-
lism in aldosterone's action also is found in studies of apical
membrane lipid methylation. Three successive transmethylations
of phosphatidylethanolamine (PE) yields phosphatidylcholine
(PC). Assuming PC is a primary substrate for phospholipase A2 in
apical epithelial membranes, it is possible that simply increasing
PC content stimulates phospholipase activity. In A6 cells and
TB-6c toad urinary bladder cells in culture, aldosterone stimulates
methylation of PE, causing increased labeling of PC from tritiated
methionine [24, 25]. 3-Deazaadenosine (DZA), an inhibitor of
transmethylation reactions, inhibits aldosterone-stimulated PC
labeling as well as the hormone stimulation of Na transport [251.
Despite the correlation of transport and methylation, neither the
site of lipid transmethylation in the apical membrane nor the
influence of membrane lipid content on single channel properties
are known.
The protein carboxymethylation pathway
Aldosterone-induced stimulation of transepithelial Na trans-
port is correlated with increased apical membrane permeability
[9]. The effect is maintained after cell disruption and isolation of
apical membrane vesicles which implies a rather long-lasting
biochemical modification of the channels [26]. When membrane
vesicles of untreated A6 cells are methylated in vitro with the
methyl donor S-adenosylmethionine, amiloride-sensitive Na up-
take is stimulated. This stimulation does not require addition of
exogenous methyltransferase. The magnitude of the increased
uptake is quantitatively similar to the one caused by aldosterone.
In vesicles prepared from aldosterone-treated tissues, where the
Na uptake is already elevated, subsequent attempts to methylate
the vesicles in vitro do not increase the Na' uptake any further
[24]. Moreover, addition of DZA to the vesicle preparation
reverses the stimulatory effect of aldosterone on Na uptake
(Sariban-Sohraby, unpublished observations). We thus infer that a
methyltransferase (MT) is activated in aldosterone-treated cells at
or near the apical membrane (cf. Fig. 1). The enzyme activation is
not lost during the membrane isolation procedure and sustains the
elevated influx in vitro.
Isolation and purification of the amiloride-blockable Na chan-
nel avail us the prospect of examining covalent modifications of
the channel components directly. Epithelial Na' channels have
been purified from A6 cells [27—29] and comprise six proteins with
molecular masses of 41, 55, 70, 90, 150, and 315 kD after reducing
on SDS polyacrylamide gels. We recently identified a 90 kD
polypeptide as the target of the aldosterone-induced carboxy-
methylation in the apical membrane of A6 cells whether methyl-
ation was initiated in vitro in membrane vesicles or in situ for
cultured cells [301. As shown in Figure 1, we concluded that the
labeled polypeptide represents the 90 kD component of the Na4
channel.
Several classes of carboxyl methyltransferase have been identi-
fied in a diverse range of cell systems [reviewed in 311. These
enzymes catalyze methyl esterification of target proteins at differ-
ent amino acid residues. Functionally, the variety of responses
mediated by methylation is also quite diverse. For example,
reversible carboxymethylation of membrane receptor-transducer
proteins regulates bacterial chemotaxis [32]. In eukariotic cells, a
number of signal transducing G-proteins are carboxymethylated
on C-terminal cysteine residues [reviewed in 33, 34]. These
methylated G-proteins have been proposed as potential regulators
of several cell functions including visual signal transduction [35],
chemotaxis of human monocytes and murine peritoneal macro-
phages [36, 37], and response of human neutrophils to chemoat-
tractant substances [38].
It has been suggested that carboxymethylation, which renders
methylated proteins more hydrophobic, may be a mechanism for
targeting proteins to specific membrane sites. Several proteins of
the Ras and Rho subfamilies, with the carboxyterminal consensus
sequence C-a-a-x are targeted to membranes in response to
carboxymethylation. In renal epithelia, carboxymethylation of
proteins of Mr 29 kD and 21 to 23 kD have been described in the
collecting duct and in brush border membranes, respectively [39,
Sariban-Sohraby and Fisher: Aldosterone and Na 967
40]. The 29 kD protein was identified as ral, a member of the Ras
superfamily. While it seems unlikely that methylation of the Na
channel in epithelia causes insertion of the 90 kD-or any other
polypeptide associated with the channel-due to hydrophobicity
changes in response to aldosterone, the hypothesis cannot be
rejected without further examination.
The nucleotide-binding pathway
We mentioned above that the function of several 0-proteins
are modified after carboxymethylation. Conversely, methylation
of proteins is stimulated by guanine nucleotides in several cell
systems [41]. Evidence has accumulated that a GTP-binding site
exists at or near the apical membrane in epithelia and plays a
significant role in aldosterone's action:
(1) In tissues responsive to aldosterone, guanine nucleotides
modulate Na transport. In vesicles prepared from toad urinary
bladder apical membranes, GTPyS, a non-hydrolysable derivative
of GTP, increased Na transport [42]. Addition of GDP/3S, a
competitive inhibitor of GTP action, prevented the increase.
Furthermore, two patch-clamp studies of A6 apical membrane
indicate modulation of channel activity by guanine nucleotides
although surprisingly different results were reported [43, 44].
(2) In cultured renal cells as well as in B lymphoid cells, Na
transport is modulated by Pertussis toxin, which induces ADP-
ribosylation of proteins and is considered a marker for the G1,
subunit of heterotrimeric G-proteiris. In LLC-PK1 cells, which
originate from the proximal nephron and are not a target tissue
for aldosterone, one third of Na influx is thought to occur via a
channel and is inhibited 80% by Pertussis toxin [45]. By contrast,
in B lymphoid cells, this toxin activates the amiloride-sensitive
whole-cell Na conductance [46].
(3) Using confocal imaging and immunofluorescence with
specific antibodies, a3 protein was localized in the apical mem-
brane of A(, cells adjacent to the Na channel [7I.
(4) Methylation of the 90 kD apical polypeptide in A6 mem-
branes was markedly stimulated by GTP-yS. However, in mem-
branes from cells exposed to aldosterone, where the level of
methylation of the 90 kD polypeptide was already elevated, no
further stimulation was observed with GTPYS [30]. In vitro
methylation of purified Na channels from A6 cells labeled a
single component of the complex, namely the 90 kD polypeptide
[48]. However, due to technical limitations, the direct effects of
aldosterone on the level of methylation of that polypeptide has
not yet been assessed. Evidence for the role of methylation in
channel activity is found in patch-clamp studies of native A6
membranes. In inside-out patches, inhibitors of transmethylation
decreased apical Na permeability while methylation by Adomet,
again without addition of methyltransferase, delayed by several
minutes the usual decay in Na channel activity [49].
(5) We recently examined the influence of aldosterone on
GTPase activity in A6 cells. Isolation of apical membranes yielded
a four- to sixfold enrichment of enzyme activity suggesting a
membrane-bound component. Moreover, basal GTPase activity
was stimulated by aldosterone more than twofold. Finally, we
observed a correlation of membrane-associated GTPase activity
and transepithelial Na transport [50].
Thus, these data indicate that GTP binding is important for
maintaining apical Na permeability and furthermore is impli-
cated in aldosterone's stimulation of channels.
Multiple G-protein effects
We previously stated that GTPYS exerts profound effects on the
properties of Na channels. However, the two studies of A6 cells
using the patch-clamp technique yielded opposite results. In the
first study [43], A6 cells were not grown chronically in the presence
of aldosterone and the Na channels were "moderately selective"
with relatively high single channel conductance [reviewed in 3].
Addition of GTPYS, as well as a subunit of 0, protein, to the
cytosolic face of the patch increased channel open probability. In
the second study [44], however, A6 cells were grown on porous
supports in the presence of aldosterone, channels were "highly
selective" with relatively low conductance, and GTPyS decreased
channel open probability. Similarly, the reported effects of Pertus-
sis toxin appear contradictory. When cells were grown on cover-
slips, that is, conditions where amiloride-sensitive Na uptake is
low and unresponsive to aldosterone [30, 51], channel activity in
excised inside-out patches was abolished by Pertussis toxin and
then restored by addition of GTPYS. We therefore expected that
Pertussis toxin should completely inhibit Na transport across
cells grown on porous supports. Surprisingly, we only observed
15% inhibition of net Na current after Pertussis toxin under
these conditions. However, the aldosterone induced stimulation
of Na tranport was attenuated by 50% [50]. These rather
conflicting observations lead to several possible explanations
which may reflect different metabolic states or transport levels.
For example, premethylated tissues (that is, those exposed to
aldosterone) might be subject to inhibitory influences of GTP
possibly at an allosteric site (see below). Another possibility is that
the apical membrane Na permeability is a composite of various
types of channels (such as highly or moderately selective) where
the mixture could depend upon growth conditions, age of cells, or
other metabolic or regulatory factors. If only the "moderately
selective" channels are inhibited by Pertussis toxin, this would
explain the relatively small effects on transport in our studies using
porous supports in which we expect that most channels are highly
selective. The appearance of various types of Na channels,
depending on the metabolic state or transport level has been
reported [2, 3, 52—55]. Clearly, multiple GTP effects would
therefore be possible depending on the prevalence of a particular
channel type.
The notion of multiple binding sites for GTP at or near the
apical membrane is supported by the observation that two
polypeptides are ADP-ribosylated after treatment with Pertussis
toxin in A6 cells, namely the 41 and the 90 kD components of the
Na channel [47]. The former was immunologically identified as
the a3 subunit of the G, protein, but the 90 kD component did
not react with G-protein antibodies. However, since methylation
of this subunit was stimulated by GTPYS, it is attractive to
consider a second GTP binding site. In this regard, GTP stimu-
lation of carboxymethylation has thus far only been described for
low molecular weight 0-proteins [reviewed in 33]. If small 0-
proteins prove to be as ubiquitous in epithelia as in other cells,
this may represent one or several additional regulatory sites for
guanine nucleotides. Recently, a role for small Mr 0-proteins in
the late response of A6 cells to aldosterone was proposed [56].
Synthesis and palmitoylation of 18 and 28 kD GTP-binding
proteins in whole cell lysates were reported following long-term
(18 hr) exposure to aldosterone. Further studies are needed to
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determine the functional correlates and whether these observa-
tions play any significant part in the early apical membrane
permeability changes after aldosterone. Regardless, we conclude
that multiple influences of GTP binding at the apical membrane
and probably elsewhere in the cell regulate apical Na perme-
ability.
The biochemistry as well as the molecular biology of amiloride-
blockable Na channels point to a complex structure which is
incompletely characterized. The purified protein comprises sev-
eral polypeptides covalently linked [27—29], some of which exhibit
functions linked to post-translational modifications. Here, we
have focused on the 90 kD polypeptide which appears to be a
primary target of aldosterone, GTPyS-induced methylation, and
ADP-ribosylation by Pertussis toxin [30, 471. In addition, the 41 kD
polypeptide is also ADP-ribosylated, but its role in aldosterone's
action is unknown. Other channel functions have been attributed
to the other components. The 150 kD polypeptide binds amiloride
[57, 58], ankirin and fodrin [59] and conducts Na in vitro after
reconstitution into lipid bilayers [60]. The 315 kD polypeptide is
phosphorylated after exposure of A6 cells to antidiuretic hor-
mone. Exposure of the purified channel to cAMP-dependent
protein kinase A in vitro also phosphorylates this polypeptide [611,
leading to increased channel open probability [62]. Finally, three
homologous putative subunits of the Na channel were cloned
recently [63]. The oligomeric structure of the channel is still
unknown and the relationship between these subunits and the
purified Na channel remains to be established.
In conclusion, aldosterone has multiple effects on target epi-
thelial cells particularly at the apical membrane. We propose that
aldosterone activates an apical membrane-bound methyltrans-
ferase in a GTP-dependent fashion leading to methylation and
then activation of the Na channels resident in the apical
membrane of epithelia. Likely intermediates for this reaction are
GTP-binding proteins, whether monomeric, heterotrimeric or
components of the Na channel complex such as the 90 kD
polypeptide. Finally, the changes in apical membrane lipid com-
position induced by either phospholipase A2 or methyltransferase
also may mediate aldosterone's effect on Na permeability. The
changes in channel behavior and possibly composition after
activating these pathways remain to be investigated.
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